The discovery of obligatory intracellular bacteria of the genus Wolbachia in filariae infecting humans led to the use of antibiotics as a potent treatment option. Mansonella perstans is the cause of the second most prevalent filariasis in Gabon, but so far reports on the presence of Wolbachia in this nematode have been inconsistent. We report on the presence of Wolbachia in M. perstans in patients from Gabon, which we identified using polymerase chain reaction (PCR) with primer sets specific for 16S rDNA and ftsZ. Sequence analysis revealed a single consensus sequence, which could be phylogenetically assigned to Wolbachia of the supergroup F. Wolbachia could only be identified in 5 of 14 or 7 of 14 cases, depending on the investigated gene; detection of Wolbachia was associated with higher-level filaremia. Before generalizing the use of antibiotics for mansonellosis, further clarification of the obligatory nature of the endosymbiosis in this nematode is needed.
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Mansonella perstans is a vector-borne, blood-dwelling filarial nematode (family Onchocercidae, order Spirurida) infecting humans predominantly in poor rural populations of sub-Saharan Africa and tropical regions of Latin America. Its widespread occurrence, with recent estimates of 114 million infected individuals in Africa alone, is paired with an ill-defined, low-grade pathology and an only limited efficacy of conventional antihelminthic drugs [1, 2] .
The identification of mutualistic bacterial endosymbionts of the genus of Wolbachia (family Eubacteriaceae, alpha 2 proteobacteria, order Rickettsiales) in the majority of human filariae led to new treatment options: depletion of Wolbachia with antibiotics active against intracellular bacteria causes impairment of larval and worm development, infertility, and, finally, death of the nematode host. This therapy targets in particular the adult nematodes with superior tolerance profiles, in contrast to the broad spectrum of traditional antiparasitic drugs, and thereby increases chances to eliminate the infection [3] .
The symbiotic relationship is complex since Wolbachia fulfill various functions in different hosts, ranging from the supply of metabolites to immunological modifications [4] . Differences in host species and Wolbachia interactions are acknowledged by phylogenetic analyses and other methods [5] , deepening our understanding of the Wolbachia/filariae coevolution and indicating that filariae experienced multiple interphylum inserts of Wolbachia corresponding to some degree to designated Wolbachia lineages (supergroups C, D, F, and J for Nematoda) [6] .
Having these complex interactions in mind, it appears even more interesting that not all filarial nematodes harbor Wolbachia and that its presence or absence is not consistent within the same genus [7] . When Wolbachia is present, its densities have been shown to vary between different strains of nematode species and could be correlated to different disease severities [8] . Additionally, cases of Wolbachia-free and Wolbachia-carrying individuals of the same species have been described and challenge the picture of an obligatory interaction [9] . For the purposes of therapy, however, the lack of Wolbachia means that antirickettsial antibiotics are ineffective. This further emphasizes the necessity of identifying the status of Wolbachia infection, especially in medically important filarial nematodes.
In 2008, Keiser et al reported the presence of Wolbachia in M. perstans from patients in Mali [10] . This observation was further supported by a randomized trial conducted in Mali, which showed that antibiotic treatment with doxycycline led to a reduction of M. perstans microfilaremia, probably as an effect against Wolbachia [11] . Earlier, however, Wolbachia could not be identified in M. perstans from Gabon and Uganda [12, 13] , whereas it had been demonstrated earlier in another Mansonella species infecting man, Mansonella ozzardi, endemic in parts of South and Central America and the Caribbean basin [14] . The reasons for the divergent reports on presence versus absence of Wolbachia in M. perstans could be ascribed to methodological constraints or might indicate the existence of different strains of M. perstans in different regions [1] .
In this study, we reassessed the status of Wolbachia infection of filariae that are pathogenic to humans in Gabon. A detailed analysis of this country's situation, where Loa loa and M. perstans are the main endemic filariae, with an overall prevalence of microfilaremia of 22.4% and 10.2%, respectively, is highly desirable [15] . Absence of Wolbachia restricts therapeutic options to traditional antihelminthic drugs, such as ivermectin and diethylcarbamazine, which bear the risk of serious posttreatment reactions, especially in loaiasis with high microfilaremia [16] . Treatment of Wolbachia-positive filariasis with antibiotics avoids such adverse effects, especially in cases of filarial coinfection or unknown microfilaremia, and possibly allows mass administration, even in areas where L. loa is coendemic.
METHODS

Study Site and Population
This study was conducted at the Centre de Recherches Médi-cales de Lambaréné (CERMEL) in Gabon, a Central African country with dense primary rainforest covering around 80% of its area. Samples for this study were collected from individuals living in different parts of the provinces of Moyen Ogooué and Ngounié. The study population comprised adults and children who received a diagnosis of microfilaremia on the basis of findings at the laboratory of the Albert Schweitzer Hospital, Lambaréné, or the parasitology laboratory of the CERMEL. The study was approved by the CERMEL institutional review board, and written informed consent was sought from participants or the legal guardians of children. Use of any antibiotic during the preceding 2 months was the only exclusion criterion.
Sample Collection and Microscopic Analysis
Blood samples were collected by cubital venipuncture into tubes containing ethylenediaminetetraacetic acid (EDTA) and were instantly used for the preparation of microscopic slides. For each subject, 2 calibrated thick blood smears were performed (10 µL of blood on 1.8 cm 2 slides); both were stained with Giemsa, and one was additionally stained with hematoxylin [17] . Microscopic slides were read independently by 2 investigators for the presence and species identification of microfilariae. The blood samples were stored at 4°C until further processing within 48 hours.
DNA Preparation
To obtain concentrated microfilariae from the blood samples, a modified concentration procedure based on World Health Organization recommendations was used [18] . This procedure involved filtering of 2-3 mL of EDTA-preserved blood through a 5 µm, single use, sterile, and hydrophilic syringe filter (Minisart NML, Sartorius) and subsequent washing with physiological saline solution (10 times the initial blood volume). The filter was saved and inverted, and the filarial nematodes were eluted from the filter using saline. The eluate was centrifuged (at 300 ×g for 10 minutes) and the supernatant discarded. The microfilarial concentration was homogenized by adding a single copper-plated spherical steel bullet and subsequent vortexing [10] . Genomic DNA was extracted from peripheral blood by use of the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany), following the kit protocol for blood samples, including a proteinase K digestion. DNA was stored in 150 µL elution buffer at 4°C until further processing.
Polymerase Chain Reaction (PCR)
PCRs were performed using primers matching filarial and Wolbachia genes. Each PCR reaction (25 µL) was performed at least twice at different points in time, using Taq DNA polymerase (1.2 U/reaction) under standard conditions (2 mmol/L MgCl 2 , 0.2 mmol/L dNTPs, 0.4 µmol/L of each primer, final concentrations). The thermocycler was operated under the conditions specified in the publications mentioning the respective primers [10, [19] [20] [21] [22] [23] . Variations of these conditions and further details on thermal cycling parameters can be found in Supplementary  Table 1 . As positive control, DNA from Wolbachia derived from Onchocerca volvulus and Brugia malayi was available. Negative controls included a DNA isolate from a volunteer's blood sample with no history of traveling in filaria-endemic areas and a nontemplate (ie, water) control. The respective filarial species was determined by PCR using primers matching the ribosomal DNA (rDNA) internal transcribed spacer (ITS) region and a subsequent nested PCR with species-specific primers [20] .
PCR for detecting Wolbachia DNA was performed on 3 genes (16S rDNA, ftsZ, and wsp) by means of 5 pairs of primers (ftsZ,
, specifically, those within M. perstans. Sequences of all primers used in this study are provided in Supplementary  Table 2. PCR products were analyzed by agarose gel electrophoresis, followed by ethidium bromide or SyBrGreen staining, with subsequent visualization using an UV transilluminator.
Sequencing, Alignments, and Phylogenetic Analyses PCR products were purified by gel filtration (using Sephadex G-50 loaded spin columns) and sequenced using a BigDye terminator v.1.1 cycle sequencing kit (Applied Biosystems, United States) and automated capillary electrophoresis (ABI 3130XL DNA sequencer). The resulting DNA sequences were aligned using Geneious R6 (Biomatters) and were reconfirmed visually from their respective electropherograms. The ClustalW 2.0 program was used with the IUB scoring matrix for all alignments, and phylogenetic analyses were performed using MrBayes 3.2.1 and 500 000 iterations/tree with the indicated outgroup and the HKY85 model of DNA evolution [24, 25] .
RESULTS
Microscopy, PCR, and Sequencing for Filaria Identification
Molecular analysis of samples from 17 Gabonese patients revealed 7 with M. perstans monoinfection, 7 with M. perstans and L. loa coinfection, and 3 with L. loa monoinfection. Microfilarial counts determined by microscopy ranged between 50 and 1800 microfilaria/mL. All samples underwent further investigation to reveal the presence or absence of Wolbachia.
The sequences of the obtained ITS amplicons of the 7 Gabonese M. perstans monoinfections were identical to the sequences of M. perstans originating from Cameroon (EU272183) and Equatorial Guinea (EU272182). The assembled sequence has been deposited in the GenBank database, with the accession number KJ631373.
FtsZ and 16S rDNA of Wolbachia Found in M. perstans But Not in L. loa 16S rDNA and ftsZ Wolbachia genes could be identified by PCR in 5 and 7 cases, respectively, of the 14 Gabonese samples in which M. perstans was present. Samples positive for both 16S rDNA and ftsZ originated from patients with higher-level filaremia (P = .0034, by a 2-sided Mann-Whitney rank sum test). No amplification with any Wolbachia-specific primer sets could be observed in the DNA preparations from L. loa monoinfected samples. Molecular results are summarized in Table 1 and detailed in Supplementary Table 3 . The assembled 16S rDNA and ftsZ sequences have been deposited in the GenBank database, with accession numbers KJ631374 and KJ631375, respectively.
Primers Not Pointing to the Presence of Wolbachia
The primers specific for the wsp gene did not show DNA amplification in any sample; only the control samples O. volvulus and B. malayi, both filariae known for carrying Wolbachia, produced positive amplification signals. The 16S.3 primers gave only a faint positive signal in one control, a result that persisted despite a sequence adaption to fit other Wolbachia supergroups and different protocol variations (data not shown). The panbacterial primer 16S.2 revealed a bacterial, non-Wolbachia contamination in all samples (including the negative controls) of a betaproteobacterium identified as a Variovorax species.
Sequence Comparison and Phylogenetic Analyses Confirmed that Wolbachia of M. perstans Belongs to Supergroup F
Sequence analysis of the amplified DNA and subsequent database queries of the assembled sequences of 16S rDNA and ftsZ identified homology to Wolbachia belonging to supergroup F (see phylogenetic trees for both genes in Figure 1 ). Contamination from the controls could be excluded because the identified Wolbachia present in Gabonese M. perstans belongs to a different Wolbachia supergroup than the control samples (Table 1) .
DISCUSSION
Our results strongly suggest the presence of Wolbachia in M. perstans in Gabon, Central Africa. Amplification and sequencing of 2 different genes, 16S rDNA and ftsZ, detected Wolbachia in samples from filariae-infected Gabonese patients. The presence of Wolbachia in M. perstans is in line with data from Mali, including the phylogenetic assignment of this Wolbachia to supergroup F [10] . In our study, Wolbachia could only be identified in ≤50% of cases (5 of 14 and 7 of 14 cases, depending on the investigated gene). M. perstans samples without evidence of Wolbachia were associated with lower-level filaremia, possibly indicating a threshold limit of detection of the used molecular tools, which could also be the reason why M. perstans was previously reported to be Wolbachia free in Gabon and Uganda [12, 13] .
Taylor et al first reported the absence of Wolbachia in 75% of the male nematodes of B. malayi but was able to detect Wolbachia in a nested PCR later [26, 27] . The scarcity of endosymbionts, which seemed to complicate Wolbachia detection in male nematodes of B. malayi in the experiments by Taylor et al, may also be the cause for not detecting Wolbachia in our study, especially considering the observed difference in microfilaremia between Wolbachia-positive and Wolbachia-negative samples. Wolbachia appears in small numbers inside microfilariae in clusters of only a few cells when compared to adult nematode stages [28] . Investigation of adult worms would possibly facilitate Wolbachia detection, but adult M. perstans nematodes have only rarely been recovered from serous cavities of humans [1] . In the related host M. perforata, Wolbachia was detected (if at all present) in exceptionally low densities at the unique localization of the gut [9] . Whether similar localization and density of Wolbachia applies to M. perstans requires further investigation; increased knowledge on the precise anatomical relation between M. perstans and Wolbachia will also improve understanding of the limitations of molecular methods. DNA degradation or extraction failure is unlikely since our nematode-adapted DNA extraction method yielded positive amplifications with filaria-specific primers in all samples, independent of their Wolbachia status, although loss of a certain amount of DNA cannot be ruled out [29] .
Comparison of the primer sets of this study reveals that the ftsZ and 16S.1 primers pointed to the presence of Wolbachia, whereas the more specific ones, 16S.3 and WSP, did not. The mosaic structure of the wsp locus, as well as the narrow specificity of the 16S.3 primer, might provide a reasonable explanation for the negative results [30] . The difficulty in specifically detecting Wolbachia of supergroup F in M. perstans has been Figure 1 . Phylogenetic tree of Wolbachia 16S rDNA (left) and ftsZ (right) sequences. Wolbachia (including their respective GenBank accession numbers) are named after their host species, and supergroup affiliations are indicated in the middle. The branches are labeled with the respective posterior probability, whereas Anaplasma marginale was used as an outgroup for tree generation.
described before and may be overcome by the 16S.1 primer, which appeared most successful in a study comparing 6 genetic loci [22] . In our study, the ftsZ primer, designed for multilocus sequencing to define Wolbachia supergroups, detected Wolbachia and thereby confirms ftsZ as a robust gene for Wolbachia identification and characterization across different supergroups [19, 31] . A coexistence of Wolbachia-infected and Wolbachia-free nematodes should still be taken into consideration, despite the unclear methodological limitations. If it is assumed that the Wolbachia-negative samples truly lack Wolbachia, the presence of Wolbachia-free microfilariae leads to the following speculations about the nature of the Wolbachia-filaria interaction: (1) one strain of M. perstans might have never established a relationship with these intracellular bacteria, which is a favored hypothesis for the absence of Wolbachia in ancient filarial representatives such as Acanthocheilonema viteae or Oswaldo filariidae [9, 32] ; (2) the host might have regained independence by incorporation of required genes (lateral gene transfer), as described previously for Onchocerca flexuosa and hypothesized for others [7, 33] ; and (3) the endosymbiont might not be essential for M. perstans, at least under certain circumstances. The hypothesis of a nonessential relationship is fostered by the fact that only Wolbachia of the supergroup F have been found in nematodes and arthropods, the latter being a phylum in which Wolbachia infection regularly lacks an obligatory character [32] . Further evidence for such dispensability of Wolbachia is provided by the Wolbachia-free nematode L. loa, whose recently characterized genome shows nuclear Wolbachia transfers to be present but nonfunctional [34] . Additionally, the presence and absence of endosymbiotic bacteria have been observed in individual nematodes of Loxodontofilaria caprini, Onchocerca japonica, Onchocerca suzukii, and M. perforata [9] . However, the compelling clinical data of antibiotic efficacy in M. perstans infection is suggestive of a mutualistic relationship between M. perstans and Wolbachia [11] . The ITS sequences obtained in this study were identical for all M. perstans samples and therefore cannot be used to discriminate different strains, if any.
In conclusion, this study confirms the presence of Wolbachia in M. perstans in Gabon, Central Africa. Wolbachia could not be identified in all M. perstans samples. These samples without evidence of Wolbachia were linked to lower-level filaremia, possibly indicating a threshold limit of detection of the molecular tools used. However, a co-existence of Wolbachia-infected and Wolbachia-free M. perstans cannot be ruled out by our findings. Direct visualization of the endosymbionts, search for evidence of lateral gene transfer in repeatedly negative specimens of M. perstans, and clinical studies on the efficacy of antibiotics for M. perstans infection in Gabon would contribute to the clarification of the host-endosymbiont relationship and provide more certainty before generalizing antibiotic therapy for mansonellosis in areas of unknown Wolbachia status.
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